Associations of tunas and dolphins in the wild are quite frequent events and the question arises how predators requiring similar diet in the same habitat share their environmental resources. As isotopic composition of an animal is related to that of its preys, stable isotope ( 13 C/ 12 C and 15 N/ 14 N) analyses were performed in three predator species from the North-east Atlantic: the striped dolphin, Stenella coeruleoalba, the common dolphin Delphinus delphis and the albacore tuna, Thunnus alalunga, and compared to their previously described stomach content. Heavy metals (Cd, Zn, Cu and Fe) are mainly transferred through the diet and so, have been determined in the tissues of the animals. Tuna muscles display higher d 15 N than in common and striped dolphins (mean: 11.4 vs. 10.3½ and 10.4½, respectively) which re¯ects their higher trophic level nutrition. Higher d 13 C are found in common ()18.4½) and striped dolphin ()18.1½) muscles than in albacore tuna ()19.3½) probably in relation with its migratory pattern. The most striking feature is the presence of two levels of cadmium concentrations in the livers of the tunas (32 mg kg À1 dry weight (DW) vs. 5 mg kg À1 DW). These two groups also dier by their iron concentrations and their d 15 N and d 13 C liver values. These results suggest that in the Biscay Bay, tunas occupy two dierent ecological niches probably based on dierent squid inputs in their diet. Ó
Introduction
Small pelagic dolphins are commonly associated with tunas in mixed-species aggregations. These polyspeci®c associations have been extensively studied in the tropical Paci®c (Perrin et al., 1973; Au and Pitman, 1986; Au, 1991; Scott and Cattanach, 1998) and comprise several species, like tunas, marine mammals, seabirds or sharks. In general, these polyspeci®c aggregations seem to form when social species of similar foraging join to form larger groups to increase feeding success and to better avoid predators (Scott and Cattanach, 1998) . These animals are known to feed, interact and travel together for various periods of time (Au, 1991) . In the feeding aggregations observed in tropical waters, prey is driven to the surface by yellow®n tunas and is abundant and diverse enough to allow dolphins and other species like seabirds and sharks to feed at the same time (Au and Pitman, 1986) . In the North-east Atlantic three predator species are often caught together in the same nets during commercial seining operations: the albacore tuna (Thunnus alalunga), the striped dolphin (Stenella coeruleoalba) and the common dolphin (Delphinus delphis). As they are known to feed together, the question arises about the possible competition or commensal relationship that might occur between them. These kinds of alimentary studies are often performed by stomach content analysis (Perrin et al., 1973; Hassani et al., 1997) or ®eld observations (Au and Pitman, 1986) . However, these useful data re¯ect the most recent meal and may not be representative of the overall diet. In marine mammals, the use of naturally occurring stable isotopes of carbon and nitrogen has provided complementary data to their feeding ecology (Hobson and Welch, 1992; Abend and Smith, 1995; Smith et al., 1996; Hobson et al., 1997; Burns et al., 1998) . Stable isotope analysis has emerged as a powerful tool to trace diet as isotope Marine Pollution Bulletin Vol. 40, No. 2, pp. 102±109, 2000 Ó 2000 Elsevier Science Ltd. All rights reserved Printed in Great Britain 0025-326X/00 $ -see front matter PII: S0025-326X(99)00178-2 *Corresponding author. E-mail address: krishna.das@student.ulg.ac.be ratios of a consumer are related to those of their preys Epstein, 1978, 1981; Peterson and Fry, 1987) . Indeed, the carbon and nitrogen isotope values (d 13 C and d 15 N) dier between organisms and their diets because of a slight selective retention of the heavier isotope and excretion of the lighter one. As a result, organisms have a higher d value than their diet. Nitrogen-15 typically shows a stepwise increase with trophic level within a food chain (Hobson and Welch, 1992; Cabana and Rasmussen, 1994; Thompson et al., 1995) with a trophic enrichment value of about 3½ (Hobson and Welch, 1992; Michener and Schell, 1994) . On the contrary, an animal has d
13 C values close to that of its diet. (DeNiro and Epstein, 1978; Hobson and Clark, 1992; Thompson et al., 1995; Smith et al., 1996) . Thus, carbon-13, rather than being a reliable indicator of the trophic level, is generally used to indicate relative contributions to the diet of dierent potential primary sources in a trophic network (Rau et al., 1992; Havelange et al., 1997; Dauby et al., 1998) , indicating for example the aquatic vs. terrestrial, inshore vs. oshore or pelagic vs. benthic contribution to food intake (Hobson et al., 1995; Smith et al., 1996) .
Since stable isotopes ratios of consumersÕ tissues are derived from assimilated food, the tissue re¯ects dietary input integrated over time, not just the last food intake. The metabolic rates and the subsequent turn-over of elements dier between liver and muscle, allowing the evaluation of diet integrated between dierent periods of time (e.g., days, weeks or months) (Tieszen et al., 1983; Hobson et al., 1996 Hobson et al., , 1997 .
We had the opportunity to use samples from three species from the North-east Atlantic: the striped dolphin, the common dolphin and the albacore tuna, whose stomach contents have been previously determined by Hassani et al. (1997) . In order to contribute to the knowledge of ecological aspects of polyspeci®c associations, we have studied their isotopic composition (d 15 N and d 13 C). Combined with the isotopic ratio determinations, heavy metal analyses have been performed in the tissues of the three predators. Heavy metals are merely transferred through the diet. Indeed, heavy metal levels found in marine organisms depend not only on the environment contamination but also on several other ecological or physiological factors (Bouquegneau and Joiris, 1988; Andr e et al., 1990a,b; Caurant et al., 1994) , among which the diet and the position in the trophic web are determining elements (Bouquegneau and Joiris, 1992; Cabana and Rasmussen, 1994; Kidd et al., 1995; Stewart et al., 1997) .
By using a combination of stable isotope and heavy metal analyses, our aim is to compare the diet and the position in the trophic web of three predators from the North-east Atlantic, the striped dolphin, the common dolphin and the albacore tuna and to contrast our results with stomach content analysis previously described by Hassani et al. (1997) .
Materials and Methods

Collection and storage
The 23 striped dolphins (S. coeruleoalba) (10 females and 13 males) and 10 common dolphins (D. delphis) (5 females and 5 males) used in this study have originated from the Bay of Biscay in the North-east Atlantic. The locations of the captures covered an area between 46°a nd 50°North and 9°±20°West. They were accidentally captured during commercial tuna seining operations from May to September 1993, from which 20 albacore tuna ®shes (T. alalunga) (9 females and 11 males) were collected. This collection was conducted by the Institut Franc ßais de Recherche pour l9Exploitation de la Mer (IFREMER) from Brest (France) to assess ecological risk linked to the North-east Atlantic French drift-net activity (Goujon et al., 1993; Goujon, 1996) .
Tissue samplings were performed at the ®shing site and frozen immediately in liquid nitrogen and then kept in a freezer ()20°C) until storage in Oceanology Laboratory (Li ege, Belgium).
Dolphin sex and age determinations were realized by Collet (1993a,b) , who showed an exponential length-age relationship (see also Di-M eglio et al., 1996) . The ages of dolphins were estimated by counting tooth growth layer groups (GLGs). The total lengths from the snout to¯uke notch were determined for each individual by Goujon (1996) . All tuna specimens are juveniles (4±5 years old) with length ranging from 75 to 81 cm while the ages of the dolphins range from 0.1 to 20 years old (Collet, 1993a,b) .
Analytical methods
Zn, Cd, Fe and Cu analyses. After being weighed and dried for 48 h at 110°C, samples were digested with a mixed solution of hydrochloric (Merck 317) and nitric (Merck 456) acids (1:3, v:v) and slowly heated to 100°C until complete digestion. Atomic absorption spectrophotometry (ARL 3510) was used to determine heavy metal concentrations (Cu, Zn, Cd, Fe). Pb, Ni, Cr contents were also determined but the results most often were below the detection limits (unpublished data). Concentrations are expressed as mg kg À1 dry weight (DW).
Parallel to the samples, a set of certi®ed material samples (CRM 278 Community Bureau of Reference, Commission of the European Communities) was also analysed to ensure the methodÕs sensitivity. Recoveries ranged from 92% to 102% for Cu, Zn, and Fe and 88% for Cd. Limits of detection were 0.01 lg g À1 DW for Cu, 0.33 for Zn, and 0.22 for Cd.
Stable isotope measurements. Organisms may vary in their concentrations of lipids. As lipids have been shown to be depleted in 13 C relatively to the diet (Tieszen et al., 1983) , they were extracted from samples using repeated rinses with 2:1 chloroform: methanol prior to analysis. After drying at 50°C (48 h), samples were grounded into a homogeneous powder. Carbon dioxide and nitrogen gas were analysed on an V.G. Optima (Micromass) IR-MS coupled to an N±C±S elemental analyser (Carlo Erba). Routine measurements are precise to within 0.5½ for carbon-13 and 0.6½ for nitrogen-15. Stable isotope ratios were expressed in d notation according to the following
where X is 13 C or 15 N and R is the corresponding ratio 13 C/ 12 C or 15 N/ 14 N. Carbon and nitrogen ratios are expressed relative to the Vienna Peedee Belemnite (VPDB) standard and to atmospheric nitrogen, respectively.
Data treatment
Parametric and non-parametric tests were used to compare dierent groups: Kolmogorov±Smirnov test was used to assume the normality of the data. ANOVA followed by post-hoc multiple comparison tests have been used to compare the data between the dierent species. When the necessary assumptions to realize ANOVA were not gathered (normality of the variables and homogeneity of variances), Kruskall±Wallis was used followed by multiple comparisons based on the Kruskall±Wallis rank sums to test for pairwise dierences among species. Mann±Whitney U test was performed to compare dierences among sexes or groups when variances were not homogenous. Spearman coef®cient was used to test correlations between the values. Results were judged signi®cant when p < 0.01 (Scherrer, 1984) .
Results
Metal level in the tissues
In dolphin and tuna tissues, Zn, Cd and Cu and Fe mean concentrations are higher in liver than in muscle (Table 1) . In dolphins, Cd displays the highest mean concentration in kidney. Fe is always higher in the blood due to the hemoglobin respiratory pigment. In both mammal gland and testis, iron and zinc were more concentrated than copper and cadmium. Zn concentrations in the liver are similar for the three species (ANOVA, F 1X6, p > 0.05). Hepatic copper levels are not signi®cantly dierent for the two dolphin species but tunas display lower copper concentrations than common dolphins (ANOVA: F 3X07, p < 0.01). Hepatic iron concentrations in striped dolphins are consistently greater than those in common dolphins, which in turn are greater than those in albacore tunas (ANOVA: F 0X94, p 0X04). Cadmium concentrations in the livers are not signi®cantly dierent for the three species (ANOVA: F 0X3, p > 0.05). The standard deviations of cadmium mean concentrations both in kidney and livers of dolphins (Table 1) are very large. Metal levels are similar for both genders in the three species (data not shown), but a signi®cant increase of this metal level with length of individuals appears in the livers of both striped and common dolphins (Fig. 1) . Such a relationship was not found between the size of the tunas and their hepatic cadmium concentrations (Fig. 2) . The most striking feature of Fig. 2 is that the tuna group is heterogeneous. One group of tunas is heavily contaminated by cadmium (mean 32 mg kg À1 DW) while the other one displays lower cadmium levels (mean: 5 mg kg À1 DW; Mann± Whitney U test: p < 0.0005). Zinc and copper are similar for both groups while iron, d
15 N and d 13 C are signi®-cantly dierent (Table 2 ). In the muscles, there are no signi®cant dierences between the two groups of tunas where cadmium concentrations were always under the detection limit.
When the three species are compared together (Table  1) , tunas display lower zinc and copper concentrations in muscles than the two dolphin species (Kruskall± Wallis: p < 0.001 and ANOVA: F 1X4, p < 0.001, respectively).
Stable Isotope Analyses
Isotopic compositions are similar for both sexes in the three species and no eect of age has been observed (p > 0.05, data not shown).
Tunas display signi®cantly higher d 15 N in muscles than striped and common dolphins: 11.4½ vs. 10.4½ and 10.3½, respectively (ANOVA: F 3X3, p 0X00002 and p 0X0001, respectively) ( Figs. 3 and 4 . In the muscles, speci®c regrouping appears: tunas are completely isolated from dolphins with a higher d 15 N and a lower d 13 C (Fig. 3) . The common dolphin data are also concentrated in a small area of the ®gure (medium d 15 N and d
13 C values) while the striped dolphin displays a wide range of d
15 N values overlapping the two other species. In livers, no regrouping between individuals from the same species occurs (Fig. 4) . However, tunas with low cadmium contamination display lower d
15 N values than contaminated tunas (ANOVA: p 0.000016), striped and common dolphins (ANOVA: p 0X02 and p < 0.001, respectively; Table 2, Figs. 5 and 6). Common dolphins display medium d
15 N mean values between striped dolphins and tunas with high cadmium levels, the dierence beween these latest being signi®cant (ANOVA, F 1.17, p 0.002). 
Discussion
When species require similar resources in the same habitat, as striped and common dolphins and albacore do in the Biscay Bay, they tend to reduce the competition by occupying dierent physical locations or feeding on dierent preys, as it has already been observed for other small odontocetes (Gowans and Whitehead, 1995) . A comparative dietary study of albacore and both dolphin species from North-east Atlantic has been realized and published by Hassani et al. (1997) . These authors have shown that common and striped dolphins have a more preferential cephalopod diet. Fish ranked second in the food of the common dolphin and only third in the striped dolphin, in which crustaceans were more important in relative abundance. Fish present in the dolphin stomach were mostly small mesopelagic ®sh as Myctophidae or Sternoptychidae. The food of albacore was mainly ®sh (mostly the small Sternoptychidae Maurolicus muelleri) and to a lesser extent, crustaceans (Hassani et al., 1997) . However, the common dolphin samples included all the ®sh species found in the diet of the albacore whereas only one species of prey was found in both striped dolphin and tuna stomachs. Each species seems to have preferential preys but it has been demonstrated that striped and common dolphins are quite opportunistic feeders and can take advantage of seasonally or locally abundant preys (W urtz and Marrale, 1993; Blanco et al., 1995; Young and Cockroft, 1995) . For example, in the Northwest Atlantic, the diet of common dolphins consists mainly of longer sized ®sh as capelins (Mallotus villosus) and mackerels (Scomber scombrus) (Overholtz and Waring, 1991; Ostrom et al., 1993) . Isotopic data on delphinids are scattered (Hobson and Welch, 1992; Ostrom et al., 1993) . Ostrom et al. (1993) have found in the muscles of one common dolphin from the Western North Atlantic a d 15 N and a d 13 C of +14.8½ and )17.8½, respectively). Our isotope values in muscles of the common dolphin are low compared to these data. These high d
15 N values measured by these authors are consistent with a higher trophic level and the piscivorous diet of common dolphin in the studied geographical area (Ostrom et al., 1993) .
Our isotopic data on muscles which integrate a longterm nutrition, also suggest a speci®c diet: tunas are completely isolated from the other two species with a higher d
15 N which re¯ects their higher trophic level nutrition compared with dolphins ( Fig. 3) The common dolphin data are also concentrated in a small area of the ®gure while the striped dolphin displays a wide range of d 15 N. This large dispersion of the individual data may re¯ect more opportunistic trophic habits of striped dolphins compared to the common dolphin.
The trophic position of the tuna is rather uncommon because generally, in stable isotopes studies, marine Ostrom et al., 1993; Hobson et al., 1995) . Moreover, tunas exhibit lower d
13 C values than both dolphin species. Both d 15 N and d 13 C values in muscles indicate that dierent sources of food take part in the diet of tunas compared to striped and especially common dolphins despite a substantial overlap in diet. Tunas present a strong migratory cycle: during the spring, they are found oshore from the Azores and then migrate within the Bay of Biscay during May to August (quoted by Goujon, 1996) . Measured lower d 13 C data presumably re¯ect a greater reliance on oshore food in relation with this migration. Stable carbon isotopes have proven most useful in identifying where particular organisms feed, and d
13 C values are typically higher in coastal or benthic food webs than in pelagic food webs (Hobson et al., 1995 (Hobson et al., , 1997 .
The considerable overlap in values among the three species and the absence of speci®c regrouping in the livers (Fig. 4) indicate isotopic similarity among their respective recent diets.
From an ecotoxicological point of view, animals feeding on cephalopods tend to concentrate higher cadmium content (Bouquegneau and Joiris, 1992; Caurant et al., 1994; Bouquegneau et al., 1997) . Indeed, cephalopods have been shown to concentrate high level of this metal (Law et al., 1997) . Therefore, it is quite striking to ®nd similar cadmium levels in the livers of the three species as very few squids are found in the tuna diet (Hassani et al., 1997) . However when we go through individual tuna results ( Fig. 2 and Table 2 ), it appears that there are two levels of iron and cadmium in the livers of tunas: one group is highly contaminated by cadmium as the other one displays low levels. There is no relationship between the size of the tunas and the hepatic cadmium concentrations. On the contrary, there is an increase of hepatic cadmium concentrations of both dolphin species with length ( Fig. 1) , which re¯ects a constant intake of cadmium contaminated preys associated with a long half-time of elimination of the pollutant (10±30 yr as quoted by Wagemann et al., 1990) . The absence of such a correlation in the tunas suggests that the high hepatic cadmium content might not re¯ect a chronic contamination but be the result of a punctual ingestion of cadmium contaminated preys. These results are enhanced by d 15 N and d 13 C dierences in the livers of tunas (Fig. 5 and Table 2 ). It clearly appears that isotopic composition diers strongly between the cadmium contaminated group of tunas and the second one, indicating that two dierent food habits were co-existing sympatrically and temporally. Dierences in iron concentrations between the two groups of tunas are still to be elucidated. Cadmium levels and isotope ratios in muscles are similar in the two groups of tunas suggesting that these feeding habits might be relatively recent.
Despite an apparent large overlap in stable isotope values in livers of the three species (Fig. 4) , dierent groups can be pointed out (Fig. 6) 15 N values in their liver con®rming that tunas share more prey similarities with common dolphins than striped dolphins (Hassani et al., 1997) . In fact, common dolphins seem to occupy a medium trophic position between striped dolphins and tunas with high Cd levels (Fig. 6 ). These observed dierences combined with cadmium concentrations in livers probably result from dierential reliance on squids. Our observations are enhanced by stomach analysis studies carried out by Hassani et al. (1997) who have suggested that the diet of the tuna may dier: when tuna was captured alone or in the same nets as common dolphins, ®sh was predominant in the stomach as described earlier. However, these authors have noticed that, when tunas were captured in the same nets as striped dolphins, their stomach contents became similar to dolphins with a high squid content suggesting that feeding behaviour of albacore may dier when it co-occurs with striped dolphin. On the contrary, the presence of common dolphins would have no in¯u-ence on the feeding habits of tunas (Hassani et al., 1997) .
13 C, iron and cadmium also suggest dierent feeding habits between these three predators. While striped and common dolphins seem to dier little in their diet, tunas seem to occupy two potential dierent ecological niches in the Bay of Biscay. These dierent niches are based on at least two types of preys, in¯u-encing both their isotope values and their cadmium and iron content in livers. These two striking behaviours were relatively recent from the collection of the samples, in agreement with the rapid turn-over of livers compared to muscles. An experimental study carried on gerbils (Meriones unguiculatus) has determined a faster turn-over rate of carbon in livers (half-life: 6.4 days) than in muscles (half-life: 27.6 days) (Tieszen et al., 1983) . This behaviour is likely to be in relation with the migration pattern of the tunas. When tunas get through the Biscay Gulf, some individuals become associated with dolphins sharing similar prey preferences as squids, suggesting a potential competition. For unclear reasons, some tunas display dierent feeding particularities mainly based on small Sternoptychidae. As tuna feeding behaviour may dier in relation with the dolphin species it is associated to, two hypotheses can be formulated considering these tunas which recently fed on Sternoptychidae:
(1) Tunas and common dolphins were hunting together preys that were abundant and varied enough to allow speci®c preferences within a common dolphin/ tuna school or, as suggested by Hassani et al. (1997) , (2) these tunas were not associated with dolphins. To conclude, combined stable isotopes and heavy metal analyses appear as powerful tools for delineating the trophic relationship within these mixed-species aggregations. Further researches on other organisms from this area will help to get a better understanding on heavy metal transfer and dierent alimentary relations within high trophic levels.
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